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Modulation of Corneal Fibroblast Contractility within
Fibrillar Collagen Matrices
Mridula Vishwanath,1 Lisha Ma,1 Carol A. Otey,2 James V. Jester,1 and
W. Matthew Petroll1
PURPOSE. To investigate the migratory and contractile behavior
of isolated human corneal fibroblasts in fibrillar collagen ma-
trices.
METHODS. A telomerase-infected, extended-lifespan human cor-
neal fibroblast cell line (HTK) was transfected by using a vector
for enhanced green fluorescent protein (GFP)--actinin. Cells
were plated at low density on top of or within 100-m-thick
fibrillar collagen lattices. After 18 hours to 7 days, time-lapse
imaging was performed. At each 1- to 3-minute interval, GFP
and Nomarski differential interference contrast (DIC) images
were acquired in rapid succession. Serum-containing (S) me-
dium was used initially for perfusion. After 2 hours, perfusion
was switched to either serum-free (S) or S medium con-
taining the Rho-kinase inhibitor Y-27632 for 1 to 2 hours.
Finally, perfusion was changed back to S medium for 1 hour.
RESULTS. Two to 4 days after plating, many cells underwent
spontaneous contraction and/or relaxation in S medium. A
decrease in the distance between consecutive -actinin–dense
bodies along stress fibers was measured during contraction,
and focal adhesion and matrix displacements correlated signif-
icantly. Removal of serum or inhibition of Rho-kinase induced
cell body elongation and relaxation of matrix stress, as con-
firmed using finite element modeling. Rapid formation and
extension of pseudopodia and filopodia were also observed,
and transient tractional forces were generated by these extend-
ing processes.
CONCLUSIONS. Cultured human corneal fibroblasts can undergo
rapid changes in the subcellular pattern of force generation
that are mediated, in part, by Rho-kinase. Sarcomeric shorten-
ing of stress fibers in contracting corneal fibroblasts is also
demonstrated for the first time. (Invest Ophthalmol Vis Sci.
2003;44:4724–4735) DOI:10.1167/iovs.03-0513
Cell–matrix mechanical interactions play a defining role in agamut of biological processes, such as developmental mor-
phogenesis and wound healing. During embryonic develop-
ment, physical forces exerted by mesenchymal cells organize
extracellular matrix (ECM) into a wide variety of spatial pat-
terns whose mechanical properties lend structural support and
give form and organization to vertebrate tissue.1–4 Similarly,
wound contraction and remodeling of connective tissue matrix
are the result of mechanical interactions between fibroblasts
and collagen fibrils.5–7 In the cornea, the process of wound
repair after lacerating injury, penetrating keratoplasty, or pho-
torefractive keratectomy (PRK) begins with the migration of
epithelial cells from the edge of the wound to reestablish an
intact surface. This is followed by the proliferation and migra-
tion of activated keratocytes (corneal fibroblasts) into the
wound from the surrounding stroma and synthesis of new
ECM. Finally, the apposition of the wound edges (wound
contraction) and ECM reorganization (remodeling) are medi-
ated by the application of mechanical force by fibroblasts on
the collagen fibrils. Clearly, there is a strong motivation for
understanding the interplay between the complex cellular,
biochemical, and biomechanical phenomena controlling cell
migration, contraction, and matrix remodeling during wound
healing and tissue morphogenesis. An understanding of this
process is also critical in the field of tissue engineering, in
which it is necessary either to modulate ECM remodeling to
produce a desired matrix architecture or to prevent matrix
remodeling to preserve a prefabricated three-dimensional (3-D)
structure.8
Many insights into the mechanisms regulating cell-mediated
matrix reorganization and wound contraction have been
obtained by using the fibroblast-populated collagen lattice
model.1,9–11 In this in vitro model, cells are plated inside 3-D
fibrillar collagen matrices, and measurements of matrix con-
traction are used as an indicator of cellular mechanical activity
and matrix remodeling. Alternatively, force transducers can be
used to measure the overall isometric tension generated by the
fibroblasts inside the matrix.12–14 Although these global mea-
surements have provided valuable insights into the signaling
pathways involved in various aspects of cell–matrix mechani-
cal interactions,15–22 an understanding of how force genera-
tion and matrix reorganization is regulated at the subcellular
level can only be obtained by studying these processes dynam-
ically in individual cells. Many such studies have been per-
formed in which planar elastic substrates were used, such as
silicone or collagen-coated polyacrylamide sheets.23–31 How-
ever, these models do not allow assessment of cell-induced
collagen matrix reorganization and remodeling, a critical com-
ponent of wound healing. Furthermore, cells reside within 3-D
extracellular matrices in vivo, and ECM geometry has been
shown to affect cell morphology and adhesion organization
and composition.3,32–36
We recently developed and applied a new experimental
model for directly investigating cell–matrix mechanical inter-
actions by plating GFP-zyxin–transfected cells at very low den-
sity, either inside or on top of fibrillar collagen matrices and
performing high-magnification time-lapse differential contrast
(DIC) and fluorescence imaging.37,38 With this approach, focal
adhesion movement and reorganization in isolated rabbit cor-
neal fibroblasts was directly correlated with collagen matrix
deformation 18 to 24 hours after plating. The data suggest that
cell migration requires generation of both rearward-directed
tractional force at the leading edge (spreading) and musclelike
contractile force along the cell body (contraction). In this
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study, we investigated whether spreading and contraction are
differentially regulated by examining human corneal fibroblasts
transfected to express GFP--actinin, 18 hours to 7 days after
plating. Because contraction of collagen matrices by fibroblasts
is largely dependent on the presence of serum or added growth
factors in the medium,39–42 we first studied the effects of
serum removal on subcellular mechanical activity. Removal of
serum induced a rapid and reversible relaxation of contractile
forces along the cell body. Unexpectedly, active extension of
pseudopodia was also observed, with maintenance of trac-
tional force. Previous studies in other cell types have shown
that the small guanosine triphosphatases (GTPases) Rho and
Rac regulate cellular contraction and spreading, respectively.43
Thus, we next investigated whether corneal fibroblast contrac-
tion could be more specifically inhibited by blocking Rho-
kinase, a downstream effector of Rho. Addition of the Rho-
kinase inhibitor Y-27632 induced a similar but more rapid and
dramatic inhibition of cell contraction and stimulation of cell
spreading than did serum removal. Overall, these results are
consistent with previous studies in other cell types, suggesting
that the balance between Rho and Rac activity determines both
the rate of cell spreading and migration43,44 and the amount of
cell-induced matrix contraction and remodeling,18,45 two fun-
damental components of wound healing and developmental
morphogenesis. We also demonstrate for the first time that
there is sarcomeric shortening of stress fibers in contracting
fibroblasts, supporting a role for stress fibers in cellular force
generation during corneal wound contraction.
MATERIALS AND METHODS
Cells
All studies were performed with a previously characterized telomerase-
infected, extended-lifespan human corneal fibroblast cell line, HTK.46
HTK cells were cultured in complete (serum-containing, S) medium
consisting of modified Eagle’s minimum essential medium (MEM;
Sigma-Aldrich, St. Louis, MO), supplemented with 1% penicillin, 1%
streptomycin, and 1% amphotericin B (Fungizone; BioWhittaker, Inc.,
Walkersville, MD) and 10% fetal bovine serum (FBS; Sigma-Aldrich).
Transfection
For expression of GFP--actinin, human -actinin in a pEGFP-N1 vector
(BD Biosciences-Clontech Laboratories, Inc., Palo Alto, CA) was used.
This probe has successfully been used to visualize -actinin in Swiss
3T3 cells.47–49 Corneal fibroblasts were plated on six-well plates
(40,000 cells/well) using complete medium without antibiotics 24
hours before transfection. Transfection was performed with a com-
mercial reagent (LipofectaminePLUS; Invitrogen, Carlsbad, CA), as de-
scribed previously.37 The EGFP vector has a neo selection cassette, and
thus transfected HTK cells were selected using complete medium
containing G418. GFP--actinin–expressing cells were further selected
using fluorescence-activated cell sorting. Untransfected HTK cells were
used as the control.
Immunocytochemistry and Western Blot Analysis
To confirm that GFP--actinin was being organized into focal adhesions
and stress fibers, HTK cells were cultured for 18 hours and counter-
stained for vinculin and F-actin, as described previously.37 To deter-
mine the relative expression levels of native -actinin and GFP--
actinin, Western blot analysis was performed on both control and
GFP--actinin transfected cells. Proteins were run on 7.5% SDS poly-
acrylamide gels and transferred to nitrocellulose. Nonspecific binding
was blocked with 5% milk, and membranes were incubated with a
mouse anti-human -actinin antibody diluted 1:1000 (Sigma-Aldrich).
Membranes were then washed and incubated in horseradish peroxi-
dase–conjugated goat anti-mouse IgG (1:1000; Jackson ImmunoRe-
search, West Grove, PA) for 1 hour. Proteins were detected using by
chemiluminescence (Enhanced ChemiLuminescence; Amersham Bio-
sciences, Piscataway, NJ), and quantified using digital imaging (1-D Gel
Scan Analysis Module; MetaMorph software; Universal Imaging Corp.,
Downingtown, PA).
Collagen Matrices
Hydrated collagen matrices were prepared as described previ-
ously.37,38 Briefly, neutralized bovine dermal collagen (Vitrogen 100;
Collagen Corp., Palo Alto, CA) was mixed with 10 MEM to achieve a
final collagen concentration of 2.48 mg/mL. For plating inside the
matrix, a 50-L suspension of GFP--actinin transfected or HTK control
cells was mixed with 500 L of collagen solution. The cell–collagen
mixture was preincubated at 37°C for 5 minutes, and 30-L aliquots
(containing approximately 1000 cells) were then poured onto culture
dishes (Delta T; Bioptechs, Inc., Butler, PA), placed in a humidified
incubator (37°C, 5% CO2) for 60 minutes for polymerization, and
overlaid with 2 mL of complete medium. For plating of cells on top of
the collagen matrix, the collagen solution (without cells) was first
incubated for 60 minutes for polymerization, and 100 L of cell
suspension (containing approximately 500 cells) was then seeded on
top of the matrix. After incubation for 30 minutes to promote cell
attachment, matrices were overlaid with 2 mL of complete medium.
Time-Lapse Digital Imaging
Collagen matrices were incubated for 18 hours to 7 days before each
time-lapse imaging experiment. Microscopy was performed with an
inverted microscope equipped for time-lapse fluorescence and DIC
imaging (model TE300; Nikon Inc., Melville, NY).37,38 The hardware
was controlled using a computer running image-analysis software
(MetaMorph; Universal Imaging Corp.). To maintain cell viability dur-
ing imaging, a microincubation system and objective heater were used
(Bioptechs). While on the microscope stage, cells were continuously
perfused with complete medium containing 50 mM HEPES buffer at a
rate of 6 mL/hour.
Cells were allowed to acclimate to the microscope’s microincuba-
tion system for 1 hour before time-lapse imaging. The activity of a
single cell was then imaged for up to 5 hours using a 60 oil-
immersion objective (1.3 numeric aperture [NA], 220-m free working
distance). At each time point, separate FITC (for EGFP) and DIC images
were acquired in rapid succession, as described previously.37 In most
experiments, 3-D data sets were obtained at each time point by repeat-
ing the acquisition at five to six sequential focal planes in z steps of 2
to 3 m. To minimize phototoxicity and photobleaching, neutral-
density filters were used, and exposure times were kept to a minimum
by using 2  2 on-chip camera binning.
Modulation of Cell Contractility
To modulate cell contractility, three sets of experiments were per-
formed (Table 1). In the first set of experiments (15 cells), time-lapse
imaging (1–3-minute intervals) was performed for up to 4 hours while
cells were perfused with complete medium. In the second set of
experiments (eight cells), after 1 to 2 hours of perfusion with complete
medium, the perfusion was switched to serum-free (S) medium
consisting of DMEM supplemented with 1% RPMI 1640 vitamin and
glutathione mix, 1% ascorbic acid, and 1% MEM nonessential amino
TABLE 1. Number of Time-Lapse Experiments Performed at Each
Time Point
Media 18–24 h* 2 days* 3 days* 5–7 days*
S 4 4 4 3
S 3 S 2 3 3 —
S 3 S  Y-27632 2 2 2 —
* Incubation time before time-lapse imaging.
IOVS, November 2003, Vol. 44, No. 11 Modulation of Corneal Fibroblast Contractility 4725
Downloaded from iovs.arvojournals.org on 09/15/2021
acids. After 60 minutes, perfusion was changed back to complete
medium for 1 to 2 hours to assess reversibility. In the third set of
experiments (six cells), after 1 to 2 hours of perfusion with complete
medium, 4 L of a 5 mM stock solution of the Rho-kinase inhibitor
Y-27632 (CalBiochem, La Jolla, CA) was added to the culture dish
(Bioptechs) to achieve a final concentration of 10 M. The perfusion
medium was simultaneously switched to complete medium containing
10 M Y-27632. After 60 minutes, perfusion was changed back to
complete medium for 1 to 2 hours to assess reversibility. At the end of
every experiment, cytochalasin D (Sigma-Aldrich) was added to the
culture dish (final concentration of 25 M). Cells were then lysed using
1% Triton X-100 (Sigma-Aldrich). It should be noted that before starting
time-lapse imaging of a single cell in each experiment, the morphology
and GFP--actinin organization of several additional cells in the colla-
gen matrix were assessed.
Image Processing and Analysis
Image processing, 3-D reconstructions, and color overlays were per-
formed on computer (MetaMorph; Universal Imaging Corp.). To map
the ECM deformation, the movement of landmarks in DIC images was
measured using the “track points” and “track objects” features in the
software, as described previously.37,38 To measure the location and
morphometry of focal adhesions over time, we used the integrated
morphometry analysis (IMA) feature in the software, as described
previously.37 The change in distance between consecutive GFP--
actinin–dense bodies along stress fibers was also measured using track
points in three cells.
Finite Element Modeling
To quantify the cell-induced elastic distortion of the collagen matrix,
strain maps were generated using finite element modeling (FEM), as
described previously.50 Briefly, a FEM was created with engineering
analysis software (ANSYS, ver. 7.0; ANSYS, Inc., Canonsburg, PA) by
defining nodes at x, y coordinates coinciding with ECM landmarks
from the DIC images at the “relaxed” matrix configuration, which was
determined by treating cells with cytochalasin D and Triton X-100. An
extra set of fixed-boundary nodes was also placed in a 600-m circle
around the cell. A two-dimensional finite element model was created
from the nodes, using linear triangular elements (PLANE2 in the ANSYS
software). The matrix was assumed to be linearly elastic and isotropic,
with a Young’s modulus of 3.89  1010 N/m2 and an effective
thickness of 15 m. These parameters were determined by simulating
our previous force-displacement measurements on collagen matrices
(made using calibrated microneedles) in a 3-D finite element model,51
and further confirmed by measuring the indentation induced by plac-
ing disks of known weight on top of the matrix.52,53 A Poisson’s ratio
of 0.3 was used.54 To generate a map of ECM deformation, the dis-
placements (relative to the relaxed matrix configuration) measured in
time-lapse recordings were applied to the corresponding nodes in the
model, and the resultant strains induced on the matrix were calculated
and displayed.
RESULTS
Immunocytochemistry and Western Blot Analysis
Vinculin counterstaining of transfected HTK cells plated on
coverslips demonstrated that GFP--actinin was incorporated
into focal contacts (Fig. 1A, arrows). In addition, GFP--actinin
was organized in a punctate, periodic pattern of dense bodies
along stress fibers, as confirmed using F-actin counterstaining
(Fig. 1B, arrows). GFP--actinin was also localized to the ruf-
fling edge of lamellipodia (Figs. 1A, 1B, arrowheads). Overall,
the organization of GFP--actinin was consistent with the pre-
viously established organization of endogenous -actinin.55–57
Because overexpression of cytoskeletal proteins can alter cell
behavior, we used Western blot analysis to determine the level
of GFP--actinin expression. As shown in Figure 2, both con-
trol and transfected cells had a large band with an approximate
molecular weight of 96 kDa, consistent with the expected
mass of -actinin (100 kDa). Transfected cells had an additional
band with an approximate molecular weight of 126 kDa, con-
sistent with the expected mass of the two fused proteins (100
FIGURE 1. (A) Vinculin (red) counterstaining of GFP--actinin (green)–
transfected HTK cells plated on glass. GFP--actinin was incorporated
into focal contacts, as indicated by yellow areas of colocalization
(arrows). (B) Rhodamine phalloidin (red) counterstaining of GFP--
actinin (green)–transfected HTK cells plated on glass. GFP--actinin
was organized in a punctate, periodic pattern along stress fibers (ar-
rows). GFP--actinin was also localized to the leading edge of lamelli-
podia where membrane ruffling occurred (A, B, arrowheads).
FIGURE 2. Western blot showing relative levels of endogenous and
transfected -actinin. Equal amounts of cell lysate from control (lane 1)
and transfected (lane 2) HTK cells were quantified with an anti--
actinin antibody. In transfected cells, only 1.5% of all -actinin within
the cells was fused to GFP (-AGFP).
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FIGURE 3. Processing of GFP and
DIC images. (A) DIC image showing
human corneal fibroblast inside fibril-
lar collagen ECM 18 hours after plat-
ing. (B, C) Two 2-D GFP--actinin
images from a seven-image stack are
shown (z indicates distance from
bottom of matrix). Labeling of a
stress fiber (B, large arrow) and fo-
cal adhesions (B, C, small arrows) is
observed. (D) Color overlay of GFP-
-actinin 3-D reconstruction (green)
and 2-D DIC image (red) allows inter-
actions between focal adhesions and
collagen fibrils to be directly visual-
ized. (E–F) Two images from the
time-lapse sequence are shown. Ma-
trix displacements are indicated in
(F) by red tracks (, starting posi-
tions at t  10 minutes). The colla-
gen fibrils in front are pulled inward
as the cell body and surrounding
ECM moves forward, resulting in local-
ized ECM compression (F, arrows).
See Video 1 (refer to Appendix).
FIGURE 4. Spontaneous contraction
and relaxation of corneal fibroblasts in
S medium. (A–C) Cell 2, 3 days after
plating within collagen matrix. During
perfusion with S, the entire cell be-
gan to contract and generate tension
on the ECM as visualized by matrix
displacements (B, C red tracks, ,
starting positions). A corresponding
movement of focal adhesions (A, B
small arrows) was observed (compare
white and red tracks in C). Stress fibers
(A, B, large arrows) were also aligned
with the ECM displacements. See
Video 2 (refer to Appendix). (D–F)
Cell 3, 2 days after plating on top of
collagen matrix. Cell began to relax
spontaneously during perfusion with
S medium. Cell elongation correlated
with release of tension on the ECM as
demonstrated by the matrix displace-
ments (red tracks). A corresponding
movement of focal adhesions (D, E
small arrows) was observed (compare
white and red tracks in F). Stress fibers
(D, E arrows) were also aligned with
the measured ECM displacements. See
Video 3 (refer to Appendix).
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kDa for -actinin and 27 kDa for GFP). Quantitative analysis
revealed that only 1.5% of all -actinin in the transfected cells
was fused to GFP. This is consistent with previous studies
demonstrating approximately 1% expression in mouse Swiss
3T3 cells using the same GFP--actinin construct.47 Trans-
fected HTK cells had a morphology and mechanical activity
similar to that of the untransfected control cells, further dem-
onstrating that expression of GFP--actinin did not alter cell
behavior.
Cell Mechanical Behavior 18 Hours after Plating
HTK cells plated inside 3-D collagen matrices generally had a
bipolar morphology with thin pseudopodial processes,
whereas cells on top formed broader lamellipodial processes,
consistent with previous observations in rabbit corneal fibro-
blasts.37,38,50 Cells were always aligned nearly parallel to the
dish on which the collagen matrix was plated. DIC imaging
allowed detailed visualization of the cells and the individual
collagen fibrils surrounding them (Fig. 3A). In general, collagen
fibrils inside the matrices were more clearly visualized than
those on top of the matrix.
GFP--actinin was organized into adhesions along both the
pseudopodia and the cell body (Figs. 3B, 3C, small arrows).
Unlike cells on rigid substrates (not shown), well developed
stress fibers with bright GFP--actinin labeling were not ob-
served 18 to 24 hours after plating inside or on top of collagen
matrices. However, some cells did have one or two detectable
stress fibers with weaker GFP--actinin labeling in a periodic
pattern (Fig. 3B, large arrow). Diffuse background GFP--acti-
nin labeling was also present, suggesting a cytoplasmic pool of
this protein. Because all the GFP--actinin labeling was not
visible in a single plane (compare Figs. 3B and 3C), 3-D recon-
structions of the z-series were generated. Overlaying of GFP-
-actinin maximum intensity projections and individual DIC
images allowed the organization of focal adhesions and colla-
gen fibrils to be compared directly (Fig. 3D).
Eighteen hours after plating, human corneal fibroblasts,
both on top of and within fibrillar collagen matrices, repeatedly
extended and retracted pseudopodia during cell migration. In
most cells, pseudopodial extension occurred at the front of the
cells, whereas the rear was much less active and underwent
intermittent retractions. The tips of extending pseudopodia
were labeled by GFP--actinin (Fig. 3C, arrowheads). The dy-
namic interactions between focal adhesions and collagen fibrils
are best appreciated in time-lapse color overlay movies. Using
high-magnification DIC imaging, movement and realignment of
collagen fibrils during cell migration could be directly observed
(Fig. 3; see Video 1 in Appendix).
Tracking of the ECM displacements allowed the pattern of
matrix deformation during cell migration to be quantified (Figs.
3E, 3F, red tracks). Extension of pseudopodial processes gen-
erated tractional forces on the ECM, as indicated by pulling in
of the ECM in front of the cell (Figs. 3E, 3F). At the same time,
the cell body and adjacent ECM often moved forward, resulting
in localized regions of ECM compression (Fig. 3F, arrows).
Focal adhesion movements appeared to correlate with the
ECM deformation observed by DIC in all cells studied. Cytocha-
lasin D induced rapid disassembly of stress fibers and focal
adhesions, cell elongation, and ECM relaxation (not shown).
Cell Mechanical Behavior 2 to 7 Days after Plating
Two to 7 days after plating within or on top of collagen
matrices, human corneal fibroblasts continued to extend and
retract pseudopodia, but generally did not undergo significant
translocation. The mechanical activities of pseudopodia were
similar at both ends of the cells, and it was difficult to distin-
guish “front” and “rear” in most cases. Spontaneous contrac-
tion (Figs. 4A–C; see Video 2 in Appendix) of entire cells and
the surrounding ECM was sometimes observed at these later
time points, in contrast to the more localized contractile activ-
ity that was observed at the base of extending pseudopodia at
18 hours. Spontaneous contraction was observed in both trans-
fected and control cells (in which only DIC imaging was
performed), and thus was not induced by the fluorescent light
used for GFP imaging. In one cell, spontaneous relaxation of
the entire cell was observed (Figs. 4D–F, only one side of the
cell is shown, to preserve resolution); this was immediately
followed by cellular contraction (Fig. 4; see Video 3 in Appen-
dix). Overall, human corneal fibroblasts appeared to switch
from a migratory phenotype to a more stationary contractile
phenotype between 18 hours and 2 days after plating in colla-
gen matrices.
More prominent stress fibers (Figs. 4A, 4B, 4D, 4E, large
arrows) were also observed in some cells 2 to 7 days after
plating. When present, stress fibers were always aligned paral-
lel with the direction of the cell-induced ECM displacements
(Fig. 4B, 4E, red tracks), and they appeared to shorten and
elongate during contraction and relaxation, respectively (Fig 4;
see Videos 2, 3 in Appendix). The percentage of cells with
detectable stress fibers did not increase significantly from 2 to
7 days. Focal adhesions were detected at the ends of the cells
as well as along the cell body (Figs. 4A, 4B, 4D, 4E, small
arrows); those along the cell body were distinguished from
stress-fiber–dense bodies by their larger size. An apparent
correlation between ECM deformation and focal adhesion dis-
placements was observed (Figs. 4C, 4F, compare red and white
tracks). Despite the presence of stress fibers, we did not ob-
serve myofibroblast transformation under the conditions used
in this study (as indicated by -smooth muscle actin staining
[Petroll WM, Ma L, unpublished observation, 2003]).
Effects of Serum Removal
Switching the perfusion from S to S medium induced cell
body elongation and a corresponding relaxation of tension on
the matrix within 20 minutes at all time points studied (com-
pare Figs. 5A–C; white arrows in C indicate direction of cell
elongation). In most cases (seven of eight cells), rapid exten-
sion of pseudopodia was also observed, suggesting active cell
spreading. Tractional forces continued to be generated by the
extending pseudopodia as can best be appreciated in a time-
lapse movie in which the extension is shown within a super-
imposed circle (Fig. 5; see Video 4 in Appendix). Reperfusion
with serum caused contraction of the cell, retraction of pseu-
dopodia, and recompression of the matrix. Cytochalasin D
always induced rapid disassembly of focal adhesions, cell elon-
gation, and ECM relaxation without formation or extension of
pseudopodia, confirming that pseudopodial extension in re-
sponse to serum removal was an active process.
In one cell plated on top of the matrix, prominent stress
fibers were observed (Figs. 5D–F). However, only a single 2-D
plane was imaged in this early experiment, making it difficult
to observe both stress fibers and focal adhesions simulta-
neously (because they were in different focal planes). Before
switching the medium to S, we examined the focal adhesions
(Fig. 5D). After cell and matrix relaxation induced by the
switch to S medium (Fig. 5E, large arrows and red tracks),
both stress fibers (small arrow) and focal adhesions became
visible in a single plane. Reperfusion with serum caused con-
traction of the cell, retraction of new filopodia, and compres-
sion of the matrix (Fig. 5F, large arrows and red tracks).
Apparent shortening of the stress fibers after reperfusion is
clearly seen in the time-lapse movie (Fig. 5; see Video 5 in
Appendix). Note that the orientation of the stress fibers was
parallel to the direction of matrix deformation (Fig. 5F, red
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FIGURE 5. Effect of serum removal
on cell contractility. (A–C) Cell 4, 7
days after plating within collagen ma-
trix. The cell is shown after 204 min-
utes of time-lapse imaging in S me-
dium (A) and 20 (B) and 65 (C)
minutes after the switch to S me-
dium. Switching from S to S me-
dium induced cell body elongation
(C, arrows) and release of tension on
the matrix (red tracks). Active exten-
sion of pseudopodia was also ob-
served (compare size of pseudopodia
in A and C). See Video 4 (refer to
Appendix). (D–F). Cell 5, 3 days after
plating on top of collagen matrix. (E)
Cell is shown 95 minutes after switch-
ing to S medium. It began to relax
after removal of serum (large arrows).
Elongation correlated with release of
tension on the ECM, as demonstrated
by the matrix displacements (red
tracks; , positions just before the
switch to S medium). (F) Cell 26
minutes after reperfusion with S me-
dium. Switching back to S medium
caused contraction of the cell (large
arrows), and compression of the ma-
trix (red tracks; , positions just be-
fore switching back to S medium). A
corresponding movement of focal ad-
hesions was observed (compare white
and red tracks in F). Stress fibers (E, F,
small arrows) were also aligned with
the measured ECM displacements. See
Video 5 (refer to Appendix).
FIGURE 6. Effect of the Rho-kinase
inhibitor Y-27632 on cell contractil-
ity. (A–C) Cell 6, 1 day after plating
within collagen matrix. The cell is
shown after 129 minutes of time-
lapse imaging in S medium (A) and
19 (B) and 34 (C) minutes after addi-
tion of Y-27632. Adding Y-27632 to
S medium induced cell elongation
(B, C large arrows) and relaxation of
tension on the matrix (red tracks).
Rapid formation and extension of
filopodia were also observed. Tips of
extending filopodia were labeled
with GFP--actinin (B, C, small ar-
rows). See Video 6 (refer to Appen-
dix). (D–F) Cell 7, 2 days after plat-
ing within collagen matrix. (E) The
cell 44 minutes after addition of
Y-27632. Rapid relaxation of the cell
(large arrows) and surrounding ECM
was observed (red tracks; , posi-
tions just before adding Y-27632).
Filopodial formation and extension
were also observed. Tips of extend-
ing filopodia were labeled with GFP-
-actinin (small arrows). See Video
7 (refer to Appendix). (F) Cell 69
minutes after reperfusion with S
medium. S medium induced con-
traction of the cell (large arrow),
retraction of new filopodia, and re-
compression of the matrix (F, red
tracks; , positions just before reper-
fusion with S medium).
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tracks) during cell contraction. A correlation between defor-
mation of the ECM and focal adhesion displacements (Fig. 5F,
white tracks) was also observed.
Effects of Inhibition of Rho-kinase
Addition of the Rho-kinase inhibitor Y-27632 to S medium
had a similar, but more rapid and dramatic effect than did the
switch to S medium (Fig. 6; see Videos 6, 7 in Appendix).
Cell elongation and relaxation of tension were observed within
5 minutes (Figs. 6B, 6C, 6E, white arrows and red tracks).
Rapid extension of existing pseudopodia and formation and
extension of new filopodia were also observed, and extending
filopodial tips were labeled with GFP--actinin (Figs. 6B, 6C,
6E, small arrows). After the initial cell relaxation, a slight,
transient inward movement of collagen fibrils with respect to
the surrounding ECM was observed in association with the tips
of the cell processes, suggesting the generation of tractional
force by extending pseudopodia. This traction was slight and
difficult to detect without careful examination of the time-lapse
movies (Fig. 6; Videos 6, 7, note action shown within the
circles). When stress fibers were present, their clarity was
reduced after incubation with Y-27632 (compare Figs. 6E with
6D, 6F). Switching back to S medium induced contraction of
the cells, retraction of new filopodia, and recompression of the
matrix (Fig. 6F, Video 6). Cytochalasin D induced rapid disas-
sembly of stress fibers and focal adhesions, cell elongation, and
ECM relaxation without formation and extension of filopodia
(Video 6).
Quantitative Analyses
Finite element modeling was used to visualize better and to
quantify the pattern of cell-induced matrix deformation during
contraction and relaxation (Fig. 7). Finite element model strain
maps show regions of cell-induced matrix tension and com-
pression in response to the three conditions studied. Sponta-
neous contraction of cell 2 in S medium induced matrix
tension at the ends (Fig. 7C, red and orange) of the cell and
compression (blue and green) in the middle. Cell 5 induced a
similar pattern of matrix deformation in S medium (Fig. 7D).
However, switching to S caused a marked reduction of over-
all stress (both tension and compression) on the matrix (Fig.
7E). The process was reversed after the switch back to S
medium (Fig. 7F). A similar relaxation of stress was induced in
Cell 7 by inhibiting Rho-kinase (Figs. 7G, 7H; see Video 8 in
Appendix); this process was also reversible (Fig. 7I).
To quantify the relationship between focal adhesion dis-
placements and ECM deformation, the magnitude, and direc-
tion of the movement of adhesions and nearby ECM landmarks
were compared. Three cells (2, 3, and 5) that had clearly visible
stress fibers were used. Only focal adhesions that appeared to
be at the ends of stress fibers were included in the analysis.
Linear regression analysis demonstrated a statistically signifi-
cant correlation between adhesion and ECM displacement
(R  0.94, P  0.001) with a slope of 0.71 (Fig. 8A). Thus in
general, the magnitude of adhesion movement was larger than
that of the ECM. The direction of adhesion and ECM move-
ments also correlated highly (R  0.99, P  0.001, Fig. 8B);
however, the slope of this relationship was closer to 1 (slope 
0.98).
We also measured the change in distance between consec-
utive GFP--actinin–dense bodies along individual stress fibers
before and after contraction in the same three cells. As shown
in Figure 8C, there was variation in the measured change in
FIGURE 7. Analysis of matrix deformation using finite element modeling. (A–C) Cell 2. Tension generated by cell contraction as depicted by
magnified displacement vectors (A), principal strains (B), and a contour map of strain along the x-axis (C). For principal strains (B), white indicates
tension and blue indicates compression. Right: bar showing scale for color contour strain maps in dimensionless units L/L (change in length/initial
length). (D–F) Cell 5. Cell contraction in S medium induced matrix tension at the ends (red) of the cell and compression (blue) in the middle
(D). Switching to S medium caused cell relaxation and a reduction of stress on the matrix (E). The process was reversed after the switch back
to S (F). (G–I) Cell 7. Stress on the matrix in S medium (G) was reduced when Y-27632 was added to the medium (H). Stress was reestablished
after the switch back to S medium without Y-27632 (I). In all cases, strain is shown relative to the “relaxed” matrix configuration determined
by treating cells with cytochalasin D and Triton X-100. See Video 8 (refer to Appendix).
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distance between consecutive dense bodies along each stress
fiber. However, all stress fibers analyzed demonstrated some
degree of shortening during cell contraction (Fig. 8D); and the
amount of shortening was statistically significant in two cells
(Fig. 8D, asterisks).
DISCUSSION
Most previous work on cell motility and mechanical behavior
has been performed using nonocular tissues, and very few
studies have directly assessed the mechanical activity of iso-
lated corneal fibroblasts.3,4,50,51,58,59 In this study, we used our
recently generated extended-lifespan human corneal fibroblast
cell line, HTK.46 This cell line was generated by transfection
with the human telomerase reverse transcriptase gene
(hTERT).60,61 Serum-cultured HTK cells have been shown to
have a morphology and cytoskeletal organization similar to that
of rabbit corneal fibroblasts, and TGF induces myofibroblast
transformation of HTK cells, using a signal transduction path-
way similar to that identified in both cultured human and
rabbit keratocytes.46 Overall, the pattern of focal adhesion and
matrix movement observed at 18 to 24 hours in human corneal
fibroblasts expressing GFP--actinin was similar to that previ-
ously observed in rabbit corneal fibroblasts expressing GFP-
zyxin.37,38 Focal adhesion formation and pseudopodial exten-
sion occurred at the front of the cells, whereas the rear was
much less active and underwent intermittent retractions, re-
sulting in cell translocation. During migration, tractional forces
were generated by extending pseudopodial processes at the
leading edge, while contractile forces pulled the cell body and
adjacent ECM forward, resulting in localized regions of ECM
compression at the base of cell processes.
Distinct changes in the cell’s mechanical behavior were
observed with extended time (2 to 7 days) in culture. First,
spontaneous contraction of entire cells and the surrounding
ECM was sometimes observed at these later time points, in
contrast to the more localized contractile activity that was
observed at the base of extending pseudopodia at 18 hours.
Further investigation is needed to determine whether the spon-
taneous changes we observed in contractility are due to po-
tential environmental changes associated with our microincu-
bation system (e.g., temperature fluctuations, perfusion with
fresh media, pH change), or whether they are part of normal
cell behavior. Second, cell migratory activity generally de-
creased over time. A similar decrease in cell migration is ob-
served during in vivo wound healing as the wound space is
repopulated, but this is presumably due to contact inhibition,
which was not observed in our sparsely populated matrices.
Previous studies have demonstrated that the presence of
stress fibers and strong focal adhesions tend to inhibit cell
migration.44,62 In the present study, most cells did not form
sufficiently large actin filament bundles to be detectable as
stress fibers 18 hours after plating. However, extended time in
culture led to the development of more prominent stress fibers
in some cells. Apparently, additional local matrix remodeling
by these cells from 18 to 48 hours provided the increased
stiffness necessary for stress fiber formation.38,63 Cells with
prominent stress fibers did not undergo significant transloca-
tion under any of the conditions used in this study, despite
overall cell contraction and/or relaxation. Another factor that
may influence cell migratory activity is a change in local matrix
composition due to synthesis of ECM components (e.g., colla-
gen, fibronectin) by the corneal fibroblasts.33 One limitation of
our in vitro model is that the type I collagen matrices used do
not contain other collagen types or proteoglycans that are
normally present in the corneal stroma in vivo.64 Further in-
vestigation is needed to determine how ECM composition
influences cell migratory activity.
During both dermal and corneal wound healing, adjacent
corneal keratocytes transform to their active phenotype, mi-
grate into the wound space, and exert forces to contract the
tissue and reorganize the ECM.5,65–72 Fibroblasts within the
wound develop a musclelike myofibroblast phenotype charac-
terized by prominent actin stress fiber bundles rich in
-smooth muscle actin.68,69,73 Myofibroblasts appear to form a
putative contractile apparatus, comprised of intracellular F-
actin microfilament bundles, -actinin, and nonmuscle myosin,
which is linked to the ECM by focal contacts.74,75 The devel-
FIGURE 8. (A, B) Quantitative com-
parison of the magnitude and direc-
tion of the movement of adhesions
and nearby ECM landmarks. Three
cells (2, 3, and 5) that had clearly
visible stress fibers were used. (A)
Linear regression analysis demon-
strated a statistically significant cor-
relation between adhesion and ECM
displacement with a slope of 0.71. (B)
The direction of adhesion and ECM
movements correlated highly; how-
ever, the slope of this relationship was
closer to 1. (C, D) Quantitative analysis
of stress fiber shortening. (C) The
change in distance between consecu-
tive GFP--actinin–dense bodies along
three individual stress fibers (SF) in cell
3 was measured during spontaneous
contraction. Each symbol represents
the measured change in distance be-
tween two consecutive dense bodies.
(D) Stress fiber contraction (% shorten-
ing) in three cells was quantified by
measuring the average change in dis-
tance between dense bodies along
three stress fibers. *Statistically signifi-
cant shortening (P  0.05).
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opment of a contractile apparatus within wound-healing fibro-
blasts suggests that sarcomeric-like shortening of the actomy-
osin filaments may generate the forces to pull the wound edges
together.68,76,77 Contraction of stress fiber sarcomeres has
been demonstrated in response to magnesium-adenosine
triphosphate (MgATP) in detergent-extracted cells microin-
jected with rhodamine-labeled -actinin, by measuring the
shortening between -actinin–dense bodies along the stress
fibers.78 However, sarcomeric shortening of stress fibers has
not been directly measured in intact living cells.
In this study, we measured the distance between GFP--
actinin–dense bodies along stress fibers in three cells. Short-
ening ranged from 5% to 30%, consistent with the sarcomeric
shortening of 25% previously measured in detergent-extracted
cells.78 Stress fibers that have been completely isolated from
cells have been shown to shorten an average of 77% in the
presence of MgATP, and this contraction is dependent on
myosin light-chain kinase (MLCK) activity.56 In a cellular-con-
traction–based model of wound healing, the force generated
by actomyosin filaments would be directed along the axis of
the stress fiber bundles. When present, stress fibers were
always oriented parallel to the direction of tension generation
on the ECM in the present study. Furthermore, the magnitude
and direction of movement of focal adhesions at the ends of
stress fibers correlated significantly with the ECM displace-
ment. In general, the adhesion displacements were larger than
those of the ECM. This is consistent with our previous obser-
vation that collagen fibrils with which the cell directly interacts
often undergo larger movements than the surrounding mesh of
interconnected collagen fibrils.38 Although we cannot rule out
the contribution of other contractile components of the cell
(e.g., the cell cortex). Overall, the data suggest that, when
present, stress fibers may play an important role in cellular
force generation.
Several studies have suggested that cell contractility re-
quires stimulation by serum or other growth factors.39–42 In
this study, we observed rapid and reversible cell body elonga-
tion and relaxation of tension on the matrix after switching
from S to S medium in all cells studied. Active cell spread-
ing was unexpectedly induced in most cases, and tractional
forces continued to be generated by extending pseudopodia.
These results suggest that contractile force generation along
the cell body and tractional force generation at the leading
edge may be differentially regulated. To investigate this possi-
bility further, we also studied the effects of Rho-kinase inhibi-
tion on corneal fibroblast mechanical activity.
Studies have established that the Rho-family GTPases Rho
and Rac regulate cell contraction and spreading, respectively.43
In Swiss 3T3 fibroblasts, Rho stimulates the formation of stress
fibers and large focal adhesions, whereas Rac and Cdc42 in-
duce the creation of smaller focal complexes, lamellipodial
ruffling and filopodial extension (Fig. 9).45,79–81 Rac activity is
generally upregulated by platelet-derived growth factor
(PDGF).18,79 Both Rho and Rac appear to stimulate myosin II
contractility, because inhibition of MLCK blocks formation of
both Rho-induced focal adhesions and Rac-induced focal com-
plexes.81 Rho promotes increased phosphorylation of myosin
light chain through Rho-kinase inhibition of myosin light chain
phosphatase (MLCPase).45,82,83 Lysophosphatidic acid (LPA)
has been shown to be the serum component primarily respon-
sible for stimulating cell contractility,39,84–87 and LPA is known
to act through the small GTPase Rho.45,82,83 However, serum
contains numerous other growth factors, including PDGF.
Thus, both Rho and Rac are presumably upregulated in corneal
fibroblasts cultured in serum.
Despite progress in our understanding of Rho and Rac
regulation of cell mechanical activity, many details of their
individual signal transduction pathways and the interaction
between them are unknown. Furthermore, the effects of Rho
and Rac can vary substantially, depending on cell type, and
their role in regulating corneal fibroblast contractility has not
been directly assessed. Our data demonstrate that inhibition of
Rho-kinase results in decreased contractility in human corneal
fibroblasts, presumably by reducing Rho-kinase inhibition of
MLCPase. Several studies suggest that there is cross-talk be-
tween the Rho and Rac signaling pathways, and that mutually
antagonist pathways exist between them.79,81
A recent study by Katsumi et al.88 suggests that Rac activity
in vascular smooth muscle cells may also be tension-depen-
dent. Mechanical stretching of cells was shown to downregu-
late Rac, whereas decreasing mechanical tension (by inhibiting
Rho-kinase) upregulated Rac. Consistent with these data, we
observed rapid pseudopodial and/or filopodial extension coin-
cident with cell relaxation after Rho-kinase inhibition, suggest-
ing a relative increase in Rac activity. Others have demon-
strated that Rho or Rho-kinase inhibition decreases the overall
contraction of collagen matrices,45,63,89 reduces force genera-
tion by a mass culture of cells,90 and blocks LPA-induced
retraction of dendritic cell processes in floating collagen ma-
trices.91 However, to our knowledge, this is the first study to
demonstrate directly the effect of Rho-kinase inhibition on the
subcellular pattern of force generation by individual cells in a
3-D model.
Recently, Galbraith et al.92 investigated the relationship
between force and focal complex development during spread-
ing of NIH 3T3 fibroblasts by using beads coated with a frag-
ment of fibronectin type III which elicits Rac-dependent focal
complex assembly. The development of focal complexes (and
force) was inhibited by dominant-negative Rac and by inhibi-
tion of MLCK, but not by dominant-negative Rho, suggesting
that tractional force generation during Rac-induced cell spread-
ing can occur without Rho-kinase activity. We also found that
tractional forces were generated by extending pseudopodia
after the initial cell body relaxation induced by inhibition of
Rho-kinase, as indicated by small transient displacements of
collagen fibrils, suggesting that the subcellular pattern of force
FIGURE 9. A simplified diagram of the Rho and Rac signaling path-
ways.
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generation inside 3-D matrices may also be differentially regu-
lated by Rho and Rac. Previous studies have shown that inhi-
bition of Rho-kinase causes a significant increase in the rate of
migration by rat embryo fibroblasts after scrape injury to a
confluent monolayer.44 We did not observe an increase in
directional migration in response to Rho-kinase inhibition in
this study. Instead, cell spreading was observed at both ends of
these bipolar cells. This difference in behavior probably exists
because cells in a confluent monolayer can spread only into the
denuded wound space, since they are in contact with other
cells behind and alongside them. It should be noted that
Y-27632 has been shown to inhibit cell migration by smooth
muscle cells and intestinal epithelium.93,94
Although we did not observe myofibroblast transformation
at the low density used in this study; studies using dermal
fibroblasts have shown that collagen lattice contraction by
both fibroblasts and myofibroblasts is dependent on MLCK84,92
and is stimulated by activation of Rho.18,45 Thus, common
pathways may regulate contractile force generation in both
myofibroblasts and fibroblasts. Future studies performed under
different culture conditions (e.g., PDGF, TGF) using this ex-
perimental technique should continue to provide insights into
the underlying mechanisms regulating cell motility, contrac-
tion, and matrix remodeling.
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APPENDIX: VIDEO DESCRIPTIONS
Go to http://www.iovs.org/cgi/content/full/44/11/4724/DC1
to view the following videos.
Video 1. Color overlay of GFP--actinin 3-D reconstruction
(green) and 2-D DIC image (red) 18 hours after plating the cell
within collagen matrix. Interactions between focal adhesions
and collagen fibrils can be directly visualized.
Video 2. Spontaneous contraction of corneal fibroblasts in
S medium, 3 days after plating within collagen matrix. During
perfusion with S medium, the entire cell began to contract
and generate tension on the ECM. Stress fibers were aligned
with the ECM displacements and appeared to shorten during
contraction.
Video 3. Corneal fibroblasts plated on top of collagen
matrix and cultured in S medium for 2 days. Spontaneous
relaxation of the entire cell was observed, followed immedi-
ately followed by cellular contraction. Red tracks show mea-
sured ECM displacements.
Video 4. A corneal fibroblast 7 days after plating within
collagen matrix. The sequence begins immediately after the
medium was switched from S to S. Cell body elongation,
matrix relaxation, and active extension of pseudopodia were
observed. Note the relative inward movement of ECM in front
of the cell (encircled) in comparison with the overall ECM
relaxation, suggesting tractional force generation by extending
pseudopodia.
Video 5. A corneal fibroblast 3 days after plating within
collagen matrix. The sequence begins immediately after the
medium was switched from S to S. Cell body contraction,
matrix compression, and apparent stress fiber shortening were
observed.
Video 6. A corneal fibroblast 1 day after plating within
collagen matrix. The sequence begins immediately after
Y-27632 was added to S medium. Addition of Y-27632 in-
duced rapid relaxation of the cell and surrounding ECM.
Filopodial formation and extension were observed. Tips of
extending filopodia were labeled with GFP--actinin. Note the
transient relative inward movement of ECM in front of the cell
(encircled) in comparison with the overall ECM relaxation,
suggesting tractional force generation by extending pseudop-
odia. Reperfusion with S medium induced contraction of the
cell, retraction of new filopodia, and recompression of the
matrix. Cytochalasin D induced rapid disassembly of stress
fibers and focal adhesions, cell elongation, and ECM relaxation
without formation and extension of filopodia.
Video 7. A corneal fibroblast 2 days after plating within
collagen matrix. Adding Y-27632 to S medium induced cell
elongation and relaxation of tension on the matrix. Rapid
formation and extension of filopodia were also observed. Tips
of extending filopodia were labeled with GFP--actinin. Note
the transient relative inward movement of ECM in front of the
cell (circle) in comparison with the overall ECM relaxation,
suggesting tractional force generation by extending pseudo-
podia.
Video 8. GFP--actinin transfected corneal fibroblast
(white) two days after plating within collagen matrix sur-
rounded by finite element model strain maps generated using
engineering analysis software (ANSYS, ver. 7.0; ANSYS, Inc.),
showing regions of matrix tension (red and orange) and com-
pression (blue). Bar on right of Figure 7I shows scale for color
contour strain maps. Stress on the matrix in S medium was
reduced when the cell was switched to Y-27632-supplemented
medium. Stress was reestablished after the switch back to S
medium. Note that the clarity of the stress fibers was reduced
after incubation with Y-27632.
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